Abstract-The smart grid promises to change the way people manage their energy needs, to facilitate the inclusion of small-scale renewable sources, and to open the energy market to all. One of the enabling instruments is the real-time pricing of energy at the retail level: dynamic and flexible tariffs will vary through the day to reflect the actual availability of energy and the congestion conditions of the power grid, in turn, helping the power grid to stay in balance. Current pilots and research efforts consider how such dynamic tariffs can be formed and how these will affect energy distribution and usage, although currently there are no instances of them deployed. To experiment with dynamic pricing, we present a vision and related implementation of the services needed by the end user to enable the smart grid in a smart home. Our system realistically simulates the dynamic prices and services of the smart grid, using data coming from wholesale energy markets and renewable installations. In addition, we perform an economic analysis to assess the cost of energy produced by small renewable-based installations. The aim is to offer a testing tool to easily realize large simulations, testbeds, and pilot projects for future energy distribution scenarios. We have tested the proposed services and dynamic pricing solution in an existing living laboratory, showing the feasibility of the approach and effectiveness of the tool.
I. INTRODUCTION
T HE POWER industry is at the verge of a major change similar to the change that invested the society at the beginning of the electricity era. The availability of renewable energy sources, the digitalization of the infrastructure, and a set of unbundling regulations are changing the energy distribution and generation landscape. The term smart grid captures the vision behind the change, although it does not have a universally accepted definition [1] . An expected key feature is the ability of the grid to accommodate more renewable-based sources of power. This last aspect is particularly challenging since renewable sources introduce substantial variability and unpredictability in the energy system, putting the system under stress. Finally, the end user shall have an electrical system with high power quality, which is transparent and accessible; the end user shall be able to have real-time information about his/her use of energy, but also over the status of the grid, for instance, represented by price signals in a multiprovider and multitariff energy market. Such vision is shared by many key players such as the U.S. Department of Energy [2] , [3] .
The transition to the smart grid is transforming the power industry into a system of systems. The already heterogeneous power system world, ranging from generation plants, control equipment, and supervisory control and data acquisition (SCADA) to transmission and distribution lines and meters, is growing in complexity and acquiring yet more subsystems, most of which are information and communication technology related (ICT). In fact, ICT is the key to enable distributed control of small-scale distributed energy resources, to enable the remote control of digital meters, and to interact with the users and their appliances through variable tariffs.
The large interest in smart grids and the shared general vision is, however, not yet paired with any large-scale deployment. Many simulations and small pilots exist around the world, despite the fact that experimenting with the effects of realtime pricing is currently still a challenge. For this reason, we have designed and implemented a system that, on the basis of actual wholesale market and environment data, can be used for smart-grid pilots involving equipment and users. The goal is the realization of smart-grid-compliant devices and to guide the research and development of smart-grid products.
The current practice to run simulation has mostly been to use few static predetermined tariff prices, thus having variable prices although not dynamic [4] , [5] . In this paper, we design and realize a tool that is able to generate real-time prices based on actual power system conditions, allowing for more realistic simulations and more precise results. We also consider economic modeling of the energy produced by smallscale renewable-based installations, and we consider them as additional sources in competition with other energy providers.
The paper is organized as follows: Section II provides essential smart-grid foundations. An example of the implementation follows in Section III. Section IV provides the results and output description of the realized smart-grid services. Section V discusses related work. Finally, Section VI concludes the paper with a discussion of the proposal.
II. SMART-GRID SERVICES
In many countries, the energy business model is going from a single provider/single tariff system to models with competing 1932-8184 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information . TABLE I  SMART GRID SERVICES: VISION, ONGOING STANDARDIZATION PROCESSES, AND CURRENT POSSIBLE REALIZATION providers [6] . Generally, two, or anyway a very limited number of prefixed tariffs are used; prices are fixed by long-term contracts, usually ranging over months. For example, an energy provider can offer distinct tariffs for daytime and nighttime or weekdays and weekend, which are the so-called peak and offpeak tariffs. In addition, the increasing adoption of small-and medium-scale renewable energy sources [7] will mean that intelligent buildings have to "decide" how to deal with produced energy: using it, storing it, or perhaps even selling it in an open market. Such decisions could be based on the instantaneous and forecast of energy prices. In this paper, we consider a house as an instance of future intelligent buildings. All the features described can apply, properly scaled, to any type of building.
Dually, from the energy distributor's point of view, the goal is to keep the grid in balance. Distributors, in addition to spinning reserves of energy ready to be used, if necessary, have developed mechanisms to control customers' loads (demand management). For industrial customers, specific contracts are signed that allow utilities to reduce the amount of electricity delivered during congestion for a specific amount of power up to an agreed amount of time per year. The customer has, in return, a discount on the energy bill [8] . For small users, the solution envisioned is to use dynamic tariffs for the price of electricity, in order to shape, with higher or lower tariffs, the amount of loads that the users connect to the power networks, which is also known as demand response [9] .
Given the vision, one notices, however, that it is far from being implemented beyond some very small-scale testbeds and pilots (e.g., Hoogkerk's PowerMatching City [10] ). In addition, business analysis and business cases around the smart grid are still under investigation [11] , [12] , so is the standardization process. For a comprehensive overview, we refer to our previous work [13] .
A. Services and SOAs
Given the goal of designing and realizing a smart-grid simulation engine based on existing services, we need to consider which architectural style to adopt and how to interface with the services. The natural choice is that of service-oriented architectures (SOAs) [14] . SOAs are the established framework to implement large, heterogeneous, and dynamic information systems, of which the smart grid is becoming an instance [13] . The most common implementation of SOA is through Web services. Web services are a set of Extensible Markup Language (XML)-based protocols to cater for the interoperability between heterogeneous systems over a network by exploiting the publish-subscribe-bind pattern [15] . Web services are often built on top of protocols, such as the Hypertext Transfer Protocol (HTTP) and the Simple Object Access Protocol (SOAP), and through standardized service description interfaces such as the Web Services Description Language. A summary of the vision for the smart-grid services, the standardization process involved, and the current possible implementation is shown in Table I . The first column describes the categories of information, such as the pricing of energy, the production or consumption of energy, and the weather conditions. The second column gives a preview of which service technology could be used in the future for each category; the third column illustrates the current standardization groups and technologies, whose development is underway. The last column contains a description of the current implementation going in the direction of the ideal solution.
Next, for each of the functionalities needed for the smartgrid simulation engine, we consider to which service we can interface now, what is the current standardization effort, and what one can expect to be available in the future, once the smart grid moves from being a vision toward being the reality of the energy distribution grid.
B. Interface Toward Energy Price Service
The availability of updated prices and price forecasts within few hours or within few days is essential to implement the smart-grid demand-response functionality.
1) Vision:
The envisioned solution to implement the price mechanism will rely on third-party Web services. These will be available to the smart home to base its decisions on who to supply from. The smart home subscribes to this service, indicating for which providers the tariffs are required. Either in a pull or push mode, the smart home obtains the forecast tariffs for increasing time granularities. The granularity can be real time for balancing purposes or hourly day-ahead forecast for mid-/long-term appliances scheduling. The service, in addition, signals a changing tariff compared to the previous forecast, through a push message, so that energy-intensive operations already scheduled in the house can be adapted on the fly to the changing price conditions. In this envisioned situation, all the interactions and information exchange take place automatically through the World Wide Web and a smart meter/home energy gateway. The standard in development by the Organization for the Advancement of Structured Information Standards (OASIS) Energy Market Information Exchange (eMIX) might be the protocol used to exchange information about prices.
2) Realization Today: Today, it is possible to have a similar behavior, by interacting with wholesale energy markets that already implement price differentiation in the energy trading process. In particular, the prices generated on the wholesale market vary in accordance with the congestion and energy availability on the power grid infrastructure. This is realized to keep the balance between demand and supply, i.e., the demand-response mechanism. To have variable energy tariffs, it is possible, for instance, to use prices coming from the Pennsylvania-New Jersey-Maryland (PJM) Interconnection [16] , which is a regional transmission organization that coordinates the movement of wholesale electricity in more than 13 states of Eastern USA, or from another organization such as the Independent System Operator New England (ISO-NE) [17] , which provides the energy market facilities for the New England region of the USA.
For both markets, the data that can be extracted are the real-time prices and the day-ahead energy market locational marginal pricing (LMP): the live minute-by-minute prices and the prices of energy negotiated in the wholesale market for the following day, respectively. For the day-ahead market, data contain the energy price for each unit (in dollars per megawatthour) for each hour of the day (for the next day) at the locations of delivery. Each location can have, in principle, a different price from any other one. These prices can be considered for the smart home as the prices of distinct energy providers. Realtime prices can be obtained by repetitively interrogating the PJM or ISO-NE website, where prices for the various hubs are continuously updated, whereas the day-ahead data can be automatically obtained through the PJM or ISO-NE website and they are available each day for the following day (day ahead) as comma-separated value (CSV) files. Slight ad-hoc adaptations are required to automatize the process of file download and file cleansing before they can be used as the input. A feasible solution today is to use day-ahead prices to forecast the schedule of smart appliances for the following day and then correct the scheduling in real time, if considerable difference in prices arise in the real-time market.
C. Interface Toward Energy-Producing Equipment Service
Another essential feature for a smart home is the possibility of generating energy through small-scale renewable installations, such as photovoltaic (PV) panels, small wind turbines, and combined heat and power generation facilities.
1) Vision:
The envisioned solution is to have a Web service directly running on the control unit of the energy-producing components. The smart home, directly or through the smart meter, could then, in an automated way, ask information about the available instantaneous power and the amount of energy generated. Information is reported via Web service interaction to the utility company with whom the contract is signed, if no advanced metering infrastructure system is already implemented.
2) Realization Today: Usually, every modern small-scale plant has an electronic controller that shows information about the power and energy produced, together with essential technical and environmental parameters of the plant (e.g., for a photovoltaic plant: air temperature, panel temperature, and solar irradiance). This information is published on the Internet (or local area network) through the Web server embedded in the controller of the plant. This information can be directly accessed or downloaded in CSV format, so that, with slight ad-hoc manipulations, they can be used as the input for an application. An example is available at the U.S. School Power Naturally data portal [18] . Through this portal, it is possible to access solar plant information and data. Another example of a Web server is available at http://pagani.dyndns.org/html/en/onlineOverWr. html; it provides real-time and historical information from a solar plant, refreshing every 10 s. In addition, a comprehensive small-scale power-generating unit composed of solar wind turbine and a small-scale combined heat and power turbine panels, a plant is available at Grand Valley State University [19] .
D. Interface Toward Weather Service
Environmental and weather parameters are essential to know how external conditions may influence both energy consumption inside the smart home and the renewable-based generating equipment. The smart home has then to be able to access current and forecast environmental conditions.
1) Vision:
The envisioned solution to obtain environmental parameters will be a dedicated Web service provided by a third party specialized in weather forecast with high geographical accuracy. In addition to traditional weather information (e.g., weather conditions, temperature, and pressure), other pieces of information, such as solar irradiance, wind speed, humidity, cloud coverage, air density, and external light conditions, are significant to estimate energy consumption of buildings and to forecast energy production by small-scale energy equipment. This information should be extremely localized and dedicated to the specific position of the smart home. The envisioned service requires that the smart home subscribes provide exact location and orientation toward the sun. Once subscribed, the service should be able to provide the environmental parameters mentioned earlier. The service could be implemented in a push or pull mode, so that updates on the conditions and forecasts can be sent to the smart home regularly or can be requested when needed.
2) Realization Today: On the World Wide Web, there are several weather services with advanced functionality that can be accessed as Web services. A primary example, considering the levels of detail and abundance of weather-related parameters (current weather, seven-day forecast, and many parameters such as maximum and minimum temperatures, wind speed, wind direction, wind gust, percentage of sky cover, and more) is provided by the National Weather Service realized by the National Oceanic and Atmosphere Administration (NOAA) [20] . From a technical point of view, the service provides an interaction through SOAP requests. Other services that use Web services are provided by commercial services such as Yahoo! [21]. NOAA's weather-related information is currently the closest to the ideal solution for this kind of service required by the smart home in its interaction with the smart grid. 
III. IMPLEMENTATION
To perform research and development related to smart grid, we have developed smart-grid services considering the case of a smart home located in New York, USA, with the ability of generating energy with small-scale production units through a photovoltaic installation of 2.4 kW of power realized using an AstroPower AP-100 PV module [22] and a small-scale wind turbine, namely, the Proven 2.5 wind turbine [23] .
We use data and services coming from real markets, real energy installations, and real weather information. Such choice enables us to realize a realistic simulation of dynamic pricing, energy production from small-scale renewable sources, and energy forecast. A representation through a block diagram of the components involved and implemented in software using the JAVA programming language is shown in Fig. 1 . The central component is the Smart-Grid Simulation Engine, which is responsible for contacting the information providers. Its role is to establish external connections, gather the data, and convert them to the format required by the internal subcomponent that has then specific tasks to further process those data. In Fig. 1 , the inner blocks of the Smart-Grid Simulation Engine are the following 1) the Energy Forecast Engine that uses weather forecast data to provide a forecast for the amount of energy generated by renewable sources; 2) the Price Extractor Engine that parses the information extracted from the PJM website and provides the hour-by-hour energy prices; 3) the Energy Calculator Engine that interacts with the renewable installation [see New York State Energy Research and Development Authority (NYSERDA) Portal Web Site in Fig. 1 ] to extract the current production.
To simulate the variable energy tariffs, we use the energy prices coming from the PJM Interconnection, and the data extracted are the day-ahead energy market LMP. The SmartGrid Simulation Engine makes an HTTP request to the PJM website (represented by the PJM Web Site box in Fig. 1) , where day-ahead LMP prices are stored as CSV files. The data contain the energy price for each unit (in dollars per megawatthour) for each hour of the day (agreed for the following day) at 20 locations of delivery. We consider that the energy supply of a home could be fulfilled not only by one provider at a time but also by the composition of several providers that might contribute to satisfy the power required by a house (e.g., provider A is able to give 1 kW of power at tariff x and provider B is able to give 2 kW of power at tariff x + Δ, for a certain time period).
To account for the energy produced in the smart home, we access a real PV installation at The Dalton School in Manhattan, New York, that has the same PV array hypothesized in our smart home and whose real-time data can be accessed through the U.S. School Power Naturally data portal. The Smart-Grid Simulation Engine connects to the website [24] (represented by the NYSERDA Portal Web Site box in Fig. 1 ) that provides the performance of the solar installation on top of the school and extracts the CSV file with real-time information about the power generated by the PV array. Data are sampled every 15 min. Information about relevant environmental parameters, such as solar irradiance, ambient temperature and wind speed, is also available. For our purpose, we assume a simplified situation: the data about the power are available every hour, and constant in the hour period.
To simulate the power supplied by the wind turbine in the smart home, we use the data gathered by the anemometer at The Dalton School. The CSV file with the data is obtained through an HTTP request issued by the Smart-Grid Simulation Engine toward the school website. The computation of the power produced by a wind turbine, given the wind speed sensed, is performed by the Energy Calculator Engine component. The component uses the well-known relationship between wind speed and power extracted by a wind turbine, as follows:
where ρ is the air density, A is the rotor swept area, U is the wind speed, and C p is the power coefficient representing the efficiency of the turbine rotor [25] . Once we have chosen the turbine and the parameters are known, i.e., A = π(3.5/2) 2 (the turbine blades have a 3.5-m diameter), ρ = 1.225 (typical air density value), C p = 0.35 (a typical value of rotor efficiency for wind turbines), and the wind speeds (i.e., cut-in and cutout speed) between which the turbine works, then the wind-topower relationship can be applied. In addition, in this case, we assume to have the data about the wind speed available every hour and constant.
A. Pricing Energy From Renewables
Usually, renewable sources are considered as the base load in energy dispatching mechanisms: when energy is generated by these types of plants, it is fed into the system and these plants are never shut down [26] . In our smart home, we consider both solar and wind power to have a cost of production due to the investment that is required to purchase, install, and maintain the equipment.
The approach and the related computations performed by the Price Extractor Engine (internal block of the Smart-Grid Simulation Engine in Fig. 1 ) consider a simplified investment analysis for calculating the cost for each kilowatthour of produced energy. We consider the investment, maintenance, and operation costs; the governmental incentives; and the energy produced over the expected lifetime of the plant. Therefore, we have the energy cost coming from the PV as
where C Inv is the total investment cost for the PV array; C Opr and C Mai are the total costs of operation and the total maintenance costs over the investment lifetime for the PV system, respectively. For the PV array, we consider 20 years of service for the AP-100 model. En L is the estimated overall energy to be produced during the lifetime of the PV array. First, we estimate a production of energy during the 20 years of panel lifetime that is, on average, the same as the one produced in the previous years since the installation at The Dalton School. Second, the investment cost is based on the results by Wiser et al. that investigated the cost of PV panels in the USA [27] . The value that emerges from their analysis, considering the cost for PV panels, inverters, and installation once the incentives applied by the U.S. government are subtracted, is $5.10 per installed watt. Third, the maintenance and operation costs can be considered as an annual expense of about 0.84% of the investment, as found by Rehman et al. for a PV installation [28] . Another component that might be associated to operation and maintenance costs is the replacement of inverters, which, as suggested by Croxford and Scott, should be considered every ten years [29] . According to the findings of Wiser et al., inverter replacement amounts to about 7% of the initial investment in a PV project for residential and small commercial purposes [27] . Once we feed these parameters in the Energy Calculator Engine component, it provides a constant value that represents the cost of each kilowatthour generated by the PV plant. Therefore, the PV plant can be considered as an additional "virtual" energy provider since the produced energy in a future deregulated smart grid could be sold on the market at the price of returning from the investment (i.e., obtained from the computation shown earlier). We apply a similar relationship to evaluate the cost of electricity generated by the small wind turbine, as follows:
The only parameter that we have, in addition to those described earlier, is I Gov , which represents the incentive subsidy from the government in wind energy. We consider an investment cost for the wind turbine of $28 000, comprising the installation and required equipment (e.g., installation pole, inverters, and workforce) and an annual cost of maintenance and operations of 1% of the total investment. This is in line with the findings in [30] . En L for the turbine is the estimated overall energy to be produced during its lifetime (according to [31] , the lifetime of a wind turbine can be considered around 20 years).
To estimate the production of energy in New York, we consider the average wind speed recorded by NOAA in more than 50 years [32] . Using these data, the turbine produces around 1300 kWh of energy per year. Considering the subsidy, the state of New York has an incentive program for small-scale wind installation to promote such energy source with a contribution for one year of $3.50 per kWh produced [33] . Therefore, with all these parameters fed in the Energy Calculator Engine component, one has once again a constant price for each kilowatthour generated, in this case by the small wind turbine.
B. Renewable Energy Forecast
The amount of energy that can be produced by renewable systems is strongly correlated to meteorological conditions. It is beyond the scope of this paper to build an exact model of how meteorological and environmental conditions influence the energy production of wind and solar plants [34] , [35] ; here, it suffices to have a realistic estimation of possible energy production in the broader context of simulation of realistic services for the smart grid. The Smart-Grid Simulation Engine interacts with the NOAA National Weather Service [36] Web service (represented by the NOAA Web Service block in Fig. 1) , requesting information about the wind speed, cloud coverage, and temperatures. The service provides a weekly forecast given the location of interest (through longitude and latitude coordinates); for the first three days, the forecast data have a 3-h interval, while for the following days, the interval is 6 h. The Energy Forecast Engine (internal block of the SmartGrid Simulation Engine in Fig. 1 ) has the task to adjust the meteorological data to an hour-by-hour information (in our simple solution, we use interpolation) and to compute an hourby-hour energy forecast for the week. The available power for each hour is computed in the following way.
1) For the wind turbine, we apply P = (1/2)ρAU 3 C p , given the wind speed from the forecast and the other wind turbine parameters. 2) For solar panels, we apply P = H pw21 (C c + T f ), where H pw21 is the hour-by-hour average of the historical power produced the previous year, during the ten previous and ten following days of the very same day of the previous year. Therefore, we have an average value of produced power in comparable days, i.e., similar sun horizon condition. The terms in brackets C c and T f are used to correct the power, considering cloud coverage and temperature estimations. C c represents the percentage of cloud coverage, and T f = (T his − T )δ is a temperature factor that considers, based on the difference in the average hourly temperature in the same 21-day period in the previous year, the increase/decrease in efficiency of δ percentage. We consider a linear relation, which establishes a decrease/increase of δ = 0.5%/ • C in PV efficiency for a polycrystalline silicon panel as the temperature increases/decreases compared to factory test conditions [37] . Following these models, the Energy Forecast Engine provides the available hour-by-hour power for the two sources of renewable energy installed in our hypothetical smart home for an entire week.
IV. RESULTS
The system and its components, as described earlier, have been fully implemented and have been extensively used in a realization of a smart office at the University of Groningen. One of the goals of the smart office installation is to minimize the energy bill for electricity without compromising the well-being and productivity of the workers assuming real-time pricing. For the detailed results of the experiment, which are beyond the scope of this paper, we refer to [38] . Here, we give a glimpse of the savings achieved in terms of money and energy in Table II.  The table shows the savings when the operation of a set of office appliances, such as a laptop, a printer, and a microwave, is mandated by a computer application that schedules their operations. Such scheduler has the objective of minimizing the expenses. The savings come from taking advantage of the lower prices in the dynamic pricing range obtained from the Price Extractor Engine (cf. Section III). The first line in Table II considers the possibility of using locally produced energy through renewables; the data of this self-produced energy are obtained through the Energy Calculator Engine and the prices of solar and wind energy, as proposed in Section III. The second line is a worse scenario, where no locally produced energy is available. Here, we do not stress the benefits achieved (economic and energetic), but we remark that the realistic services of the future smart grid implemented have allowed the realization of the smart office laboratory and have enabled to show advantages of the smart-grid vision. Fig. 2 shows an example of the output of the Price Extractor component of the smart-grid emulation engine. It represents the price of electricity on the PJM market for a subset of the zones in the U.S. One can observe that there are significant variations in price during the day: from the minimum in the middle of the night, the price almost doubles in the evening. With such information available beforehand, we recall that these prices are day-ahead prices, one can create automation to provide consistent savings over time. Think, for instance, of the scheduling of a washing machine, a dryer, and a dishwasher or the charging of an electric car.
Having information about the amount of renewable energy to be produced (forecast) is essential to better plan, on a weekly basis, the activities that can wait the optimal environmental conditions for self-production. Fig. 3 shows the amount of forecast energy at the installation site (The Dalton School), by using the weather forecast of NOAA and using the model proposed in Section III. One week of power forecast is shown in the figure. The continuous line represents the power provided by the PV installation with a typical bell-shaped output during the daytime and a flat night profile. The dashed line represents the forecast of the wind turbine that has an irregular pattern. One can observe how the 6th, 7th, and 10th of October are more favorable to the self-production with solar panels, while the night between the 6th and the 7th and the days 10 and 11 are very favorable for wind production. By exploiting this information, the smart home can have an idea on when to schedule the usage of devices.
Naturally, in an implementation of the smart-grid services on the field, a reconciliation system to evaluate the gaps between forecast and real prices is needed a posteriori for billing purposes and to inform the user. The same reconciliation will be required in the actual amount of energy extracted from the grid in case of nonexact forecasts of generated renewable energy.
V. RELATED WORK
The smart grid has grown in popularity in the past few years, and several approaches and architectures have been proposed for the information services related to the smart grid for the smart home. Most of the works are architecture proposal with interfaces to services that are implemented abstractly or based on historical energy data.
A simulation tool for demand response is proposed in [39] . The goal is to analyze, at a very detailed level (bus voltages, power flows, etc.), a control strategy to accommodate the wind power of a turbine and its fluctuations (0.5 MW of power) in a small-/medium-scale community (650 buildings). The model shows, that by applying a control strategy to the heath pumps in the buildings one can provide a considerable smoothing in the variations of power in the slack bus of the simulated IEEE 13 bus system. The presented system is a MATLAB simulation environment and deals with the electrical problem and not with the ICT or Internet-based services to enable the demand response in practice.
The importance of services in the future smart grid is emphasized by Karnouskos [40] , who considers the services as the only way to let the various actors in the smart-grid panorama interact with each other. It is more a vision/position paper than an analysis, and the work does not propose specific services, technologies, or implementations to be used.
The work by Strobbe [41] provides an architecture for the future smart grid that is built on JAVA-based standard protocols. The services provided are mainly proposed to engage and raise the awareness of the user to energy conservation and peak reduction by having real-time price information available. The architecture presents interesting aspects such as the ease of extension and the energy price individuation via the Belgian power exchange trading market. However, there is no mentioning of integration of renewable sources and energy forecast in the architecture, which we consider essential building blocks of the future smart grid. In addition, the work does not consider any automation process for appliances, but just the user interaction with a home display that provides consumption and tariff information.
Another example of an architecture based on services is given in [42] . Although the amount of services proposed for the future smart grid is considerable (energy monitoring, prediction, management, optimization, billing, and brokerage) and described at the technical level for the architecture (e.g., representational state transfer), there is few to no description of the implementation of such services.
In [43] , the authors consider a service architecture that can easily plug in new services. The architecture can host smart applications that are able to interact and control devices, and act as a contact point with the services provided by service providers related to energy (e.g., real-time pricing and remote device control). The simulation of the smart grid is obtained through the OMNeT++ framework, where the information about topology, user consumption, and scenario parameters is provided. Such architecture is valuable and enables a good simulation in the large of the smart grid. However, it misses the interaction with real information and data that are the key to provide more concrete and valuable results to the mere simulation exercise.
Demand-response modeling is the focus in [44] , where consumers' attitude to modify their habits is investigated through price elasticity in the case of a microgrid. Although modeling and running simulations to evaluate the benefits of dynamic pricing is essential, the work does not describe how prices are generated and simply uses fixed prices for a specific day. In addition, there is no mention of the usage of self-produced energy, which, in turn, could change the attitude toward price elasticity (buying a small quantity of additional energy at a high price while most of it is self-produced). Web services are the key components to interact in a smart-grid-enabled home, as suggested in [4] and [5] . These works, however, are mostly an exercise in Web service interaction and simulation of Web service communication (representing appliances and sensors) rather than a real set of services or components that can be applied in a smart-grid test solution. The data related to energy consumed in the home environment are the U.S. average, and the energy extractable by solar panels and wind turbine are static and with no variation according to environmental condition; moreover, only peak and off-peak tariffs are considered.
Such approach of simulating the smart grid is quite simple and lacks in the dynamism of the smart-grid components (i.e., energy prices and renewable energy production), which are all crucial aspects of the smart grid.
In summary, we note that very recent research efforts went in the simulation of smart-grid aspects, although there still appears to be a gap in the investigation of how the future smart-grid services should be and how they should work in actual deployments. Even more problematic is that the data and information used to simulate the smart grid are usually based on limited historical data, often averaged out, rather than based on real-time actual data. Our simulator fills the gaps by providing dynamically information and using realistic upto-date information from Web-based sources. It also considers the key components to test smart-grid-enabled scenarios, such as dynamic pricing, forecast, and production of energy by renewable small-scale sources.
VI. CONCLUDING REMARKS
The envisioned and researched smart grid is not yet a reality. This complex system of systems needs still to be fully researched, developed, and engineered. Therefore, to progress in the research and development, accurate simulation tools are necessary. In this paper, we have presented a design and implementation of a simulation component that, taking data from live sources about energy prices, environmental conditions, and renewable generation, can simulate dynamic pricing of energy from multiple vendors. Such solution is interesting for testing purposes in pilot projects, or to evaluate user experience in a dynamic tariff environment. We have deliberately left out energy storage from our simulation. This decision is motivated by the immaturity of the technology at the building level. If storage will become a key component in providing additional flexibility to the energy system acting as a buffer for the surplus or lack of energy coming from renewable sources, it can be modeled and included in the tool too.
We also note that the energy prices come from wholesale energy markets; these prices are indeed a good indication of price evolutions, but unfortunately, they are not the prices reaching the end user in practice. More aspects could be taken into account to make these prices be closer to the actual enduser energy costs, such as distance from the source of the selling party, or dispatching and distribution costs. With more advances in smart-grid standardization and with more real smart-grid implementations on the field, we envision a growth in smartgrid service providers that will give information in an easy accessible fashion.
The effort of this paper goes in the direction of anticipating the services required by the new ICT-related subsystems of the future smart grid to enable the user's direct involvement in the demand-response mechanism. Based on real information coming from existing online services, we have simulated the main sets of functionality to implement demand response: dynamic pricing, energy self-production, and energy production forecast. In the future, even more heterogeneous technologies might be used in transmitting the data of smart-grid services with higher bandwidths [e.g., Global System for Mobile Communications (GSM), WiMax, power line communication, etc.], but this will not influence the logic of the service-oriented approach needed in the heterogeneous smart-grid environment, simply facilitate higher throughput and lower response times. The simple system realized has been successfully used in a real demand-response experiment to evaluate potential savings of dynamic pricing [38] . We believe, however, that the system can be more globally beneficial for smart-grid testing.
